Objective-The interferon-␥ (IFN-␥)-mediated regulation of macrophage gene expression is of crucial importance in the pathogenesis of atherosclerosis. The mechanisms underlying the actions of IFN-␥ signaling in macrophages were investigated using monocyte chemoattractant protein (MCP)-1 as a model gene. Methods and Results-The IFN-␥-induced expression of MCP-1 in macrophages was attenuated by inhibitors of phosphoinositide-3-kinase (PI3K), casein kinase 2 (CK2), and Janus kinase (JAK)-2. AKT was the downstream target for PI3K action. Electrophoretic mobility shift assays and chromatin immunoprecipitation showed that signal transducer and activator of transcription (STAT)-1 interacted with IFN-␥ responsive elements in the MCP-1 gene promoter. The IFN-␥-induced activity of the MCP-1 gene promoter and an artificial promoter containing STAT1 responsive elements was inhibited by expression of dominant negative forms of JAK-1 and -2, STAT1, CK2, and AKT. The action of CK2 and AKT on STAT1 activation was mediated, at least in part, through the regulation of serine 727 phosphorylation. Analysis of a number of other genes regulated by this cytokine and implicated in atherosclerosis revealed a gene-specific action for PI3K/AKT in IFN-␥ signaling. Conclusions-These studies provide novel insights into the role of PI3K/AKT and CK2 in IFN-␥ signaling relevant to changes in macrophage gene expression during atherosclerosis. (Arterioscler Thromb Vasc Biol. 2007;27:806-812.)
A therosclerosis is a form of chronic inflammation regulated by the action of cytokines. 1 The cytokine interferon (IFN)-␥, which is expressed at high levels in atherosclerotic lesions, plays a crucial role in the pathogenesis of this disease and regulates the function and properties of all the cell types present in the vessel wall. 2 For example, IFN-␥ is the major cytokine involved in the induced expression of MCP-1 and other chemokines seen during atherogenesis. 1, 2 Such chemokines play a crucial role in the disease by controlling the recruitment of immune cells to the site of inflammation, plaque stability, cellular proliferation, and foam cell formation. [3] [4] An atheroprotective effect has been demonstrated for deficiency in a number of chemokines and chemokine receptors, including MCP-1. [3] [4] Analysis of the mechanisms underlying IFN-␥-inducible gene transcription has identified a key role for the JAK-STAT pathway. 5 Several recent studies have, however, suggested the existence of alternative pathways for IFN-␥ action. 6 Our current understanding of such alternative pathways is relatively poor, and further studies are required both to improve our knowledge of the molecular basis of IFN-␥ action and for the development of novel therapeutic strategies to combat atherosclerosis. Our previous studies on the IFN-␥-mediated suppression of lipoprotein lipase gene transcription revealed a role for transcription factors Sp1 and Sp3 along with the PI3K pathway in the response. [7] [8] In addition, we have recently identified a novel role for CK2 in the IFN-␥-stimulated expression of the inducible cAMP early repressor (ICER). 9 The inhibition of CK2 has been found to prevent the progression of another inflammatory disorder, glomerulonephritis, 10 in a rat model of the disease, the progression of which may be regulated through similar mechanisms to atherosclerosis. The purpose of this study was to investigate the role of CK2 and PI3K in IFN-␥ signaling in macrophages using MCP-1 and other markers of atherosclerosis as model genes.
Animal Cell Cultures. LY294002 and AG490, wortmannin, and SH-6 were purchased from Calbiochem, Sigma, and Alexis Biochemicals, respectively. Antibodies were from Santa-Cruz (STAT1 p89/94, Sp1 X, MCP-1), Sigma (␤-actin), and Upstate Biotechnology (STAT1 pSer727, STAT1 pTyr701). Recombinant IFN-␥ and the chromatin immunoprecipitation (ChIP) kit were from Peprotech and Active Motif, respectively.
Cell Culture
Human monocyte-derived macrophages (isolated from buffy coats as reported previously 9, [11] [12] ) and the cell lines were maintained in Dulbecco modified Eagle's medium (DMEM) (J744.2, Hep3B) or RPMI 1640 (U937, primary cultures) supplemented with heat-inactivated (56°C, 30 minutes) fetal calf serum [5% (v/v) for primary cultures and 10% (v/v) for all other cells], 100U/mL penicillin, and 100 g/mL streptomycin. The cultures were maintained at 37°C in a humidified atmosphere containing 5% (v/v) CO 2 in air. Treatment with IFN-␥ (1000 U/mL) or the different pharmacological inhibitors was performed as previously described. 9, 12 
Transient Transfection and Reporter Gene Assays
Hep3B cells were transfected using the polyethylenimine (PEI) transfection reagent. Plasmid DNA (5 to 10 g) in 5% (wt/vol) glucose was mixed with PEI solution (pH 7.2) and the resulting complex diluted with DMEM before being added to cells. These were then incubated with the complex for 24 hours at 37°C, washed twice with culture medium, and treated with the mediators. The luciferase activity in cell extracts was determined using a commercially available kit (Promega) and normalized to the total protein concentration, which was measured using the Micro BCA protein assay reagent kit (Pierce). The plasmid constructs used in this 
Reverse Transcription-Polymerase Chain Reaction
Semiquantitative RT-PCR on total cellular RNA was carried out as described before, 9, [11] [12] except for variations in the annealing temperature and total number of cycles (please see supplemental materials, available online at http://atvb.ahajournals.org, for conditions and primer sequences). The products were size-fractionated by agarose gel electrophoresis and analyzed using a Syngene gel documentation system (GRI).
Western Blot Analysis, Electrophoretic Mobility Shift Assays, and ChIP
Whole cell extracts were prepared in buffers containing phosphatase and protease inhibitors and used for Western blot analysis as previously described. 9, 12 EMSA was carried out essentially as previously reported. 9, [11] [12] The sequences of the oligonucleotides used were: 5Ј-GGCACCCTGCCTGACTCCACCCCCCTGGCTTA-3Ј and 5Ј-GTTGTAAGCCAGGGGGGTGGAGTCAGGCAGGG-3Ј (MCP-GC); 5Ј-GGCTTCCACTTCCTGGAAACACCCGAGGG-3Ј and 5Ј-GAGCCCTCGGGTGTTTCCAGGAAGTGGAA-3Ј (MCP-GAS) (please see supplemental materials for sequences of oligonucleotides that were used as competitors). ChIP was carried out using reagents supplied in the ChIP-IT kit according to manufacturer's instructions. PCR was carried out using the primers: 5Ј-CCCATTTGCTCATTTGGTCT-3Ј and 5Ј-CTTATTGAAAGCGGGCAGAG-3Ј (MCP-1 promoter); and 5Ј-ATGGTTGCCACTGGGGATCT-3Ј and 5Ј-TGCCAAAGCCTAGGGG-AAGA-3Ј (negative control primers against non-promoter genomic DNA; supplied by the manufacturer). The products were separated by agarose gel electrophoresis.
Statistical Analyses of Data
Semiquantitative measurements of the signals in Western blots or RT-PCR were performed by densitometric analysis using the Gene-Tools software (GRI). Statistical comparisons between data were carried out using the Student t test with PϽ0.05 considered as statistically significant.
Results

The IFN-␥-Induced Expression of MCP-1 Is Suppressed by Inhibition of CK2 and PI3K
Our previous studies have shown that the murine J774.2 cell line is a useful model system to investigate the mechanisms underlying IFN-␥-regulated macrophage gene expression with demonstrated conservation with primary cultures. [7] [8] [9] 11 This cellular system was used initially to delineate the potential role of PI3K and CK2 in the action of IFN-␥ on MCP-1 expression. IFN-␥ induced MCP-1 mRNA and protein expression in a time-dependent manner, with maximal levels at around 3 hours after stimulation, and this was accompanied by the secretion of the protein into the medium (data not shown). Apigenin, a widely used CK2 inhibitor, 9 -10,13 attenuated the IFN-␥-induced MCP-1 expression ( Figure  1A) . Similarly, this response was attenuated by 2 inhibitors of the PI3K pathway, LY294002 and wortmannin ( Figure 1B) . A similar profile was seen when the action of LY294002 and apigenin on MCP-1 protein levels was investigated by Western blot analysis ( Figure 1C ; multiple products represent various glycosylation forms of the protein). To rule out the possibility that the results obtained were peculiar to the J774.2 cell line, representative experiments were repeated on primary cultures of human monocyte-derived macrophages. Both apigenin and LY294002 inhibited the expression of MCP-1 mRNA obtained in the presence of IFN-␥ ( Figure  1D ). A similar pattern was seen in human THP-1 macrophages, the human hepatoma Hep3B cell line, human umbilical vein endothelial cells, and the human endothelial EA.hy926 cell line (data not shown).
AKT Acts as a Downstream Effector of PI3K in IFN-␥-Induced Expression of MCP-1
Because AKT (also called protein kinase B) is a key downstream effector of PI3K action, 14 its role in the regulation of MCP-1 expression was investigated. The AKT inhibitor SH-6 attenuated the IFN-␥-induced expression of MCP-1 (PϽ0.001) ( Figure 2A ). Such an effect on MCP-1 expression was specific to SH-6 and not seen with rapamycin, an inhibitor of another downstream component of PI3K signaling 14 (data not shown). Consistent with an inhibitory action of SH-6, expression of a DN form of AKT (mutated at residues 179, 308, and 473) attenuated the IFN-␥-mediated activation of the proximal human MCP-1 gene promoter (213 bp upstream of the transcription start site linked to the luciferase reporter gene) 15 in Hep3B cells ( Figure 2B ). These cells were employed for all transfection experiments because of difficulties in transfecting J774.2 and primary macrophages with exogenous DNA, and because the induction of MCP-1 expression by IFN-␥ and its attenuation by inhibitors of CK2 and LY294002 was similar in macrophages and Hep3B cells (data not shown). Further experiments showed that IFN-␥ induced the activity of AKT, and this was attenuated by LY294002 and the JAK2 inhibitor AG490 but not by apigenin (data not shown).
JAK-STAT Signaling Is Also Required for the IFN-␥ Induced Expression of MCP-1 in Macrophages: Role of CK2 and AKT in the Regulation of STAT1 Activity
Previous analysis of the MCP-1 promoter in astrocytoma revealed a functional interaction between an IFN-␥-activated site (GAS), binding to STAT1, and a GC-element, which interacts with Sp1. 15 Disruption of GAS abrogated induction by IFN-␥ whereas mutations in the GC box reduced promoter activity without affecting fold induction. 15 As STAT1 binding was essential for IFN-␥ inducibility, it was possible that the action of CK2 and/or AKT on MCP-1 expression was mediated through regulation of STAT1 activity. As previous studies were performed on astrocytomas, it was necessary to confirm DNA-protein interactions in other cellular systems such as macrophages before the action of AKT and CK2 could be investigated. EMSA with the GC element from the murine MCP-1 promoter showed 3 DNA-protein complexes, the intensity of which was similar in untreated and IFN-␥stimulated cells ( Figure 3A) . In contrast, the GAS element produced 2 DNA-protein complexes, the binding of which was increased when the cells were incubated with IFN-␥ for 30 minutes ( Figure 3B ). The specificity of the DNA-protein complexes was confirmed by competition EMSA ( Figure 3A and 3B); DNA binding was competed by inclusion of an excess of unlabeled oligonucleotides containing the corresponding sequence from the MCP-1 promoter (M in Figure  3A and 3B) or those containing the binding site for the relevant transcription factor (Sp1 or STAT1) but not by those containing an unrelated sequence (AP1 or NFB binding site).
DNA-protein interactions at the MCP-1 promoter in vivo have not yet been analyzed. ChIP assays using STAT1 and Sp1 antibodies were therefore performed. As shown in Figure 3C, the IFN-␥-induced binding of STAT1, but not Sp1, to the MCP-1 promoter also occurred in vivo. U937 macrophages, in which the IFN-␥ inducibility of MCP-1 expression was similar to J774.2 cells (data not shown), were used for ChIP assays because they were recommended by the manufacturer.
Having established that STAT1 from macrophages binds to the GAS element in the MCP-1 promoter and its binding is induced by IFN-␥ in vivo, the role of key components of the JAK-STAT pathway was investigated. Initial experiments showed that the JAK2 inhibitor AG490 attenuated the IFN-␥-induced expression of MCP-1 (supplemental IA, available online at http://atvb.ahajournals.org). Further studies used DN constructs against JAK1, JAK2, and STAT1 16 -17 with a luciferase vector containing the proximal MCP-1 promoter. As shown in supplemental Figure IB , a marked inhibition of IFN-␥-induced reporter gene activity was obtained by expression of DN-JAK1 and -JAK2. DN-STAT1, mutated at tyrosine 701 or serine 727, also produced a statistically significant inhibition albeit to a lesser extent than DN-JAKs (supplemental Figure IB) . Such an inhibition was specific to DN STAT1 and not seen with DN forms of C/EBP␤ or NF-B (data not shown).
To assess the role of CK2 and AKT in the regulation of STAT1, the action of DN-CK2 and DN-AKT on the activity of a luciferase-based plasmid containing 3 copies of a STAT1 binding site (3xly6e) was analyzed. Similar to AKT ( Figure  2) , the positive action of the DN-CK2 plasmid was confirmed by its ability to attenuate the IFN-␥-induced expression of MCP-1 mRNA in transfected cells (data not shown). As expected, DN-JAK1, -JAK2, and -STAT1 (Tyr701 or Ser727) inhibited the IFN-␥-induced activity of the 3xly6e plasmid (Figure 4 ). More importantly, a statistically significant inhibition of this activity was seen with DN-CK2 and -AKT (Figure 4 ), thereby implicating both these kinases in transcriptional activation by IFN-␥ via STAT1. This could potentially be attributable to an effect on the phosphorylation of STAT1, which was investigated in more detail. Figure 5A shows that STAT1 was phosphorylated on tyrosine 701 after stimulation of cells with IFN-␥ for 5 minutes and at subsequent time points. Phosphorylation of STAT1 at serine 727 was also seen after 5 minutes, reaching high levels after 30 minutes and at subsequent time points ( Figure 5A ). In contrast, there was little change in the total amount of the STAT1 protein ( Figure 5A ). The IFN-␥induced phosphorylation of STAT1 at tyrosine 701 was inhibited by AG490 but not by apigenin or LY294002 ( Figure  5B) . In contrast, all 3 agents inhibited the phosphorylation of STAT1 at serine 727 ( Figure 5B) , thereby suggesting that CK2 and AKT inhibit the full activation of STAT1.
Gene-Specific Action of PI3K/AKT in IFN-␥ Signaling
Having established that CK2 and PI3K/AKT were required for IFN-␥-induced MCP-1 expression and affected the phosphorylation of STAT1 at serine 727, we wondered whether they played a general role in the regulation of genes that require JAK-STAT signaling or if there was a gene-specific mode of action. This possibility was initially investigated by RT-PCR for several genes: the chemokines IFN-inducible T cell ␣ chemoattractant (ITAC), monokine induced by IFN-␥ (Mig), IFN-inducible protein-10 (IP-10); and suppressor of cytokine signaling (SOCS-1; the IFN-␥ inducibility of which was absent in STAT1-deficient macrophages). 6 MCP-1 and ICER 9 were included in some experiments for comparative purposes. In the case of ICER, a number of alternatively spliced transcripts exist, all of which are functionally indistinguishable and induced by IFN-␥. 9 These are collectively referred to as ICER in this study. As shown in Figure 6 , the JAK2 inhibitor AG490 attenuated the IFN-␥ induced expression of MCP-1 (PϽ0.01), SOCS-1 (PϽ0.001), ITAC (PϽ0.05), Mig (PϽ0.001), and IP-10 (PϽ0.05) but not ICER. On the other hand, the IFN-␥ inducibility of all the genes analyzed was attenuated by apigenin (data not shown; PϽ0.01 for MCP-1 and Ͻ0.001 for ICER, SOCS-1, ITAC, Mig, and IP-10), thereby suggesting a more general role for CK2 in IFN-␥ signaling. In contrast, inhibition of PI3K attenuated the IFN-␥-induced expression of MCP-1, ITAC (PϽ0.01), Mig (PϽ0.001), and IP-10 (PϽ0.05) but not SOCS-1. These data suggest a potential gene-specific effect of PI3K/AKT in IFN-␥ signaling, which was investigated further by the use of the Oligo GEArray Mouse Atherosclerosis Microarray from SuperArray. This contains 113 oligonucleotides specific to genes related to the pathogenesis of atherosclerosis as well as control genes. Analysis of the data from 3 independent experiments showed that from the 66 genes listed, the expression of 50 was induced in response to IFN-␥ and 3 suppressed while 6 were unaffected (supplemental Table I ). Of the 50 IFN-␥-inducible genes, the upregulation of 39 was inhibited by LY294002 (supplemental Table  I ). From these, the results for selected genes was confirmed by RT-PCR (supplemental Figure II) showing a good correlation between the data from microarray analysis and RT-PCR.
Discussion
The findings presented in this study provide novel insights into the role of CK2 and PI3K/AKT along with the JAK-STAT pathway in the IFN-␥-mediated regulation of MCP-1 and macrophage gene expression relevant to atherosclerosis. Firstly, we show that CK2 plays a key role in IFN-␥ signaling by regulating the phosphorylation of serine 727 in STAT1. Consistent with this finding, we have previously shown that although CK2 activity is present constitutively, this is increased markedly by IFN-␥. 9 Secondly, PI3K/AKT also modulates the expression of several genes regulated by IFN-␥ along with the phosphorylation of STAT1 at serine 727. However, not all IFN-␥-regulated genes requiring the JAK-STAT pathway need PI3K for this response. Overall, these studies along with our previous research 8 -9 suggest the existence of at least 3 differential pathways for the IFN-␥mediated regulation of macrophage gene expression (supplemental Figure III) . Future studies should investigate the roles of CK2, AKT, and other components of these pathways in animal models of atherosclerosis.
Although PI3K/AKT has been implicated in the IFN-␥induced expression of some genes, 18 -20 our studies reveal a key role in the regulation of a large number of genes, particularly those implicated in atherosclerosis, and identify a gene-specific action. On the basis of our understanding of other receptor-associated tyrosine kinases, 14, 21 PI3K is likely to be activated through JAKs after activation of the IFN-␥ receptor by the cytokine. The stimulation of PI3K activity then leads to the subsequent activation of the downstream effector AKT. CK2 has been shown to phosphorylate AKT in Jurkat cells. 22 However, this does not appear to be the case in macrophages because apigenin has no effect on IFN-␥ induced activity of AKT (data not shown).
The inhibition of CK2 and PI3K/AKT signaling decreased the IFN-␥-stimulated activation of a GAS-regulated promoter and the phosphorylation of STAT1 at serine 727 (Figures 4 and 5) . The exact kinase(s) responsible for this serine phosphorylation has not yet been identified and it is thus possible that AKT and/or CK2 may act directly on STAT1 or alternatively in the activation of downstream effector kinase(s). The precise role of STAT1 serine 727 phosphorylation is not fully understood but is known to be necessary for full promoter activation by this transcription factor. [5] [6] Gene targeted mice expressing a mutant STAT1 in which serine 727 has been substituted by alanine have increased mortality following infection with Listeria monocytes and reduced induction of IFN-␥-stimulated genes in macrophages, thereby suggesting a crucial role for this modification in a full-fledged innate immunity in response to the cytokine. 23 In addition, STAT1 phosphorylation at serine 727 has previously been suggested to mediate interactions with a number of coactivator proteins. 6, 24 Differential recruitment of such coactivator proteins may be one reason for the selective action of PI3K/AKT in IFN-␥ signaling mediated through the JAK-STAT pathway. Alternatively, the nature of other proteins that interact with the promoter region (eg, Sp1 in MCP-1) and the modulation of their action by IFN-␥ may be responsible for such a selective action. Analysis of the promoter regions of IFN-␥-inducible genes that are not affected by inhibition of PI3K/AKT will be necessary to resolve this issue.
In conclusion, IFN-␥ is a key regulator of the inflammatory response and regulates the expression of a large number of genes implicated in atherosclerosis. Although the role of the JAK-STAT pathway in IFN-␥ signaling is well established, little is understood about the role and contribution of alternative pathways in the action of this cytokine. Our studies provide novel insights into the role of CK2 and PI3K/AKT in IFN-␥ signaling.
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